This paper presents the results of a review on variability of key pavement design input variables (asphalt modulus and thickness, subgrade modulus) and assesses effects on pavement performance (fatigue and deformation life). Variability is described by statistical terms such as mean and standard deviation and by its probability density distribution.
INTRODUCTION
Achieving durability of pavement structures is crucial not only for the Highways England (formerly the Highways Agency) in the UK but for any other highway authority in the world. Funding is getting tighter for both new build and maintenance of existing assets with consequent pressure on highway designers to construct durable pavements which offer at the same time good value for money to the client, minimum disruption to road users, and minimal impact on the environment.
However, it is difficult to accurately design and predict the life and form of distress of a pavement structure because all of the variables involved, such as traffic prediction, material properties and layer thickness, are random/uncertain/stochastic in nature. This means that these variables vary in space and time with resulting variability in the performance of a pavement.
Most pavement engineers know that pavement materials, environment, loading and construction affect the performance of a pavement and the variability observed in each of these parameters introduces a certain level of risk. The recognised need to account for these variabilities in the design process is pushing many highway authorities in the world to move from a traditional deterministic approach, based on a single input/output value, towards a probabilistic design, which includes a mean, variance and probability distribution. The probabilistic approach offers a way of incorporating risk assessment considerations which are vital for whole-life cycle economic analysis and decisions.
Consequently, variability of the pavement design input parameters and appropriate methods to account for this variability to estimate correctly the probability of failure have to be considered and developed. Accurate and reliable pavement performance predictions during a pavement's design life are of vital importance to minimise the risk of premature failure. This paper presents the results of a research study on the variability of the most important factors involved in the pavement design, namely the layer thickness, asphalt stiffness and subgrade stiffness. Of course it is acknowledged that many other factors (notably fatigue resistance) affect pavement life in reality; however, stiffness modulus and layer thickness are the variables generally considered in analytical pavement design.
Variability is described by statistical terms such as mean and standard deviation and by its probability density distribution. A sensitivity analysis is then carried out to assess which parameter(s) have the greater influence on the pavement life (fatigue and deformation life).
The scope of the study is to consider flexible pavements only and to consider thickness data from non-destructive radar surveys. The sites considered for the analysis, all in the UK (including Northern Ireland), are mainly motorways or major trunk roads. The focus of the analysis remains on Lane 1, the most heavily trafficked lane, and sections 1km long were considered wherever possible. A total of eight sites were considered in the research.
Parameters affecting pavement performance
The main parameters affecting pavement performance can be grouped as follows (see Figure 1 ):  The properties of the subgrade soil on which the pavement layers will be constructed. This parameter is generally represented by the subgrade stiffness.  The pavement layer characteristics represented by the layer thicknesses and stiffnesses. While construction and maintenance activities clearly affect the pavement performance, these factors cannot be directly accounted for in the design process. Much emphasis is, therefore, given to the other parameters used in the design; namely traffic, the environmental conditions, and structure and materials.
Pavement design approaches and performance prediction models
The major components of pavement design are the input system, prediction models, transfer functions and an output system that consists of predicted pavement performance. Current pavement design approaches (Jiménez and Mrawira, 2012) can be divided into two categories: deterministic and probabilistic. In a deterministic approach single values are adopted for all input parameters and the prediction results are single numbers of pavement performance. In contrast, probabilistic analysis treats all input parameters as variables that change according to an assigned probability distribution function. Probabilistic analysis also yields a more comprehensive estimate than deterministic analysis by providing a range of likely outputs.
Performance prediction modelling is an important element in decision making tools such as Pavement Management Systems, Asset Management systems and design systems. Available prediction models are generally simplified and specific to local conditions. Performance prediction models can be divided into:  Mechanistic  Empirical (such as the 1993 AASHTO guide, and semi-empirical such as the UK pavement design described in HD 26, DMRB Vol 7)  Mechanistic -Empirical (such as the 2008 M-E Design Guide, AASHTO)
In the current UK standards reliability is implicitly embraced in the response model such that a pavement has an 85% probability of achieving the design life.
Definition of failure
A pavement is designed to withstand the design traffic during its design life. A pavement failure is characterised by the development of a particular type of distress (such as fatigue cracking and rutting on flexible pavements) of sufficient severity and extent at different points within a pavement section. Despite a pavement section being designed and constructed the same way, random variations in material properties and as-built characteristics cause localised deficiencies.
Stress calculation
A number of different analytical models can be used to predict the stress, strain and deformation in a pavement under simulated wheel and environmental loading conditions. The main models are based on multilayer elastic theory and Finite Element analysis.
In this research, Odemark's Method of Equivalent Thicknesses (MET) (Ullidtz, 1987) and Shell's specialist software "BISAR" were used to calculate the stresses and strains for various pavement structures.
Transfer functions
Transfer functions are relationships developed to relate the state of stress in a pavement to its overall performance. In current M-E design procedures for flexible pavements -despite the multitude of relationships available -the primary transfer functions are those that relate 1) wheel load tensile strain at the bottom of the asphalt layers to eventual fatigue cracking and 2) wheel load compressive strain (or stress) at the top of the subgrade to permanent deformation.
The performance prediction models used in the UK and adopted in this paper are (Powell et al., 1984) :  Structural cracking: the number of traffic loads to fatigue failure (Nf) of asphalt layers is determined on the basis of horizontal tensile strain at the bottom of the asphalt layer (r):
(1)  Structural deformation: the number of traffic loads to deformation (rutting) failure (Nd) is determined on the basis of vertical compressive strain at the top of the subgrade (z):
PERFORMANCE OF PAVEMENT DESIGNS
All variations in materials and construction, if not properly incorporated into the design procedure, may contribute to premature failure of a pavement structure. In addition, the design equations are often based on observations of the performance of sections of roads built in the past where different material properties and construction techniques were employed compared to those of today. This issue probably justifies the large difference sometimes observed between the performance life and the intended design life.
These considerations are expressed in Figure 2 . For example, although a pavement is designed for a 20 year design period, with reconstruction or rehabilitation expected at the end of the design life, the actual pavement may exhibit sections that fail prematurely. If the material variability were known and included in the design procedure the difference between the design and in-service life should be reduced. This knowledge would also allow better and more robust decisions to be taken in terms of whole life cost analysis. Material variability can be described by statistical terms such as mean and standard deviation together with its probability density distribution. A useful dimensionless way of expressing the variability of a material's property is to use the ratio of the standard deviation over the mean, known as coefficient of variation (COV). Knowledge of the coefficient of variation of each design input is extremely important to more accurately estimate their influence on the predicted pavement life.
Impact of variability on pavement performance
Many pavement design procedures are based around single values of the pavement and traffic characteristics which represent average conditions -average values, sometimes with a margin of safety, that do not account for variability in the pavement and traffic loads. Variability exists in pavements due to construction practices, quality control, environmental conditions, material characteristics and traffic conditions and this variability has been known for quite a while (Darter et al., 1973) .
The variability associated with traffic and pavement parameters has a significant impact on the performance of pavements (and reliability of pavement design) and should, therefore, be addressed and quantified when modelling pavement performance and when developing maintenance programmes. Therefore, the major design input parameters for pavement design such as moduli of layers, thickness of layers, traffic volume etc. should each be defined as a random variable with its mean and standard deviation (assuming a normal distribution) or its complete probability distribution. The pavement performance function can subsequently also be characterised in statistical terms. In other words, because the values used to calculate the performance life of a pavement structure (e.g. fatigue life Nf) are not exact values but are distributed over a range, for each pavement there is an expected value of Nf and associated variance that describes the distribution Nf will follow. George and Husain (1986) and later Prozzi and Guo (2007) have supported previous significant experimental evidence that the distribution of fatigue lives at a particular stress level is lognormal.
Quantifying and analysing variability of pavement materials and design inputs are, therefore, fundamental in developing a probabilistic-based design that evaluates reliability. Kim et al. (2003) grouped the main sources of uncertainty in the AASHTO M-E flexible pavement design into two categories:  Uncertainties of design parameters; and  Systematic errors
The first group represents the spatial variability and inconsistent estimation of the parameters (e.g. random measurement error in determining the strength of subgrade soil) while the second group is related to the model bias in predicting pavement performance.
Summary of variability of design input parameters
A summary of the variability of design input parameters from published sources -for the Mechanistic-Empirical pavement design approach -is depicted in Table 1 . The key results from the studies referred to in Table 1 are summarised as follows:  The most influential design inputs on reliability were layer properties and thickness, followed by traffic and lack-of-fit error.  The parameters with the greatest influence on the variability of predicted fatigue performance, without considering variable loads, were asphalt modulus and thickness.  Fatigue cracking was affected by changes in the asphalt layer thickness while it was unaffected by changes in the granular base layer thickness.  The parameters with the greatest influence on the variability of predicted deformation (rutting) performance, without considering variable loads, were the granular base thickness, asphalt thickness, and stiffness of the subgrade.
If the traffic axle weight variability was added the output variability for fatigue and deformation performance was significantly changed (i.e., more than doubled). 
RESEARCH METHODOLOGY
The sites used in the research were eight in total (M01 to M08) and were mainly motorways (asphalt thickness ranging from 0.260m to 0.480m) with two further sites being of a thinner pavement construction (M07 and M08). All sites had a fully flexible construction. The survey data available for these sites were: GPR (Ground Penetrating Radar), cores, FWD (Falling Weight Deflectometer), DCP (Dynamic Cone Penetrometer), IT-CY (Indirect Tension test on CYlindrical specimens, also known and referred to in this paper as the ITSM test, Indirect Tensile Stiffness Modulus) and traffic data. The survey data referred to lane 1, the most heavily trafficked lane. The length of each site varied but, wherever possible, a length of 1km was used. Specialist software packages were used, including BISAR (Version 3.0, Shell, UK) for calculation of stresses and strains in the pavement structure and MODULUS-HA (Version 5.1, Highways Agency, UK) for FWD back-analysis. The following sections summarise the results of the statistical characterisation of the main pavement design input variables, namely asphalt modulus and thickness, and subgrade modulus.
The
Statistical characterisation of layer thickness variability
The pavement performance can vary significantly due to the variability in pavement layer thickness, which is mainly due to the construction process and quality control procedures in place. Therefore, even though a unique design thickness is specified for a road section, the actual (as-built) thickness is not constant. The pavement layer thickness is expected to have a certain probability distribution with a higher density around the mean target thickness. Layer thickness information, obtained GPR surveys, has been calibrated by means of cores.
To characterise layer thickness variability for the available sites, the first task was to plot the GPR data and then to group the thickness values into defined interval ranges. From the figures above it can be seen how variable the distribution can be around the design mean thickness of 260mm and 150mm, for the asphalt and sub-base layer respectively.
A basic statistical analysis of the GPR data available on all sites was performed and parameters such as mean thickness, standard deviation, coefficient of variation (COV) and the probability distribution that fits the data best was calculated for the total asphalt pavement layer and for the subbase layer, for each section length.
The results of the research into a statistical characterisation of layer thickness variability showed that:  The probability distribution for the layer thickness for the UK sites could be considered normal.  The coefficient of variation is broadly similar to those reported in the American literature (e.g. average 10% COV for the asphalt layer and 15% COV for the subbase layer).  Although some degree of correlation appears to exist between the asphalt and subbase layer thickness for some sections, overall the two thickness profiles can be considered uncorrelated.
Statistical characterisation of asphalt stiffness modulus variability
The stiffness of asphalt mixtures is of paramount importance in determining how well a pavement performs and is fundamental to the analysis of pavement response to traffic loading. There are various laboratory tests that can be used to assess the stiffness moduli of asphaltic materials, including beam tests and uniaxial compression tests. In the UK, the assessment of asphalt mixture stiffness from in-service pavements is normally carried out by laboratory tests (ITSM tests) and field measurements (FWD surveys) at (or converted to) a temperature of 20ºC, and this is the approach that has been followed here. Temperature variation through the year is not explicitly taken into account.
The research has assessed the effect of three major sources of errors on the backcalculated pavement layer moduli (asphalt layer modulus only) -namely pavement thickness errors, random deflection errors and limited number of data points. Other uncertainties, not included in the analysis, are associated with simplifications and assumptions in the backcalculation process and model used for pavement life predictions.
Effect of pavement thickness errors on back-calculated moduli
In order for the FWD back-analysis to give reliable estimates of the in-situ asphalt stiffness modulus, it is essential to use accurate pavement layer thickness information. Clause 5.28 in HD 29/08 states "For example, a 15 per cent underestimate of the thickness of a bound layer can result in a fifty per cent overestimate of the stiffness of that layer."
Collop (2000) presented a model for statistical correction of asphalt layer stiffness moduli determined from the FWD test to account for asphalt layer thickness variations. Equation (9) and Equation (10) given in Collop (2000) were used to predict the FWD stiffness modulus mean error and the FWD stiffness modulus standard deviation error respectively.
Effect of random deflection errors on back-calculated moduli
For a pulse-loading deflectometer there are three basic sources of errors in the deflection readings: seating errors, systematic errors and repeatability (or random) errors. Seating errors can be minimised by making at least two drops of the mass before recording test data. Irwin (2009) explains the concepts of systematic and random errors. The systematic error is the difference between the mean measured value of a deflection and the absolute correct deflection value. The random error is the scatter around the mean value. The impact of the repeatability (or random) error on back-calculated layer moduli has been assessed. It was found that the average error due to random measurement deflection error was less than 1% on back-analysed asphalt stiffness and close to 0% on back-analysed subgrade stiffness. The effect of random deflection measurement error has been further minimised by making at least three replicate drops at each drop height.
Effect of limited number of data points on back-calculated moduli
Collop (2000) determined the confidence limits for back-calculated asphaltic material stiffness modulus from FWD tests using a variable number of measurement points using a normalised mean error and a standard deviation error. His study showed that:  The accuracy of the mean stiffness modulus estimates depends on the ratio of estimated standard deviation (i.e. value of the stiffness modulus standard deviation using a limited number of data points) to true stiffness modulus (i.e. value of mean stiffness modulus using an infinite number of data points) and the number of samples.  The accuracy of the standard deviation of the layer stiffness modulus estimates depends on the number of samples.
In the cases covered in this paper, the number of data points was found to be sufficient for such correction not to be necessary.
ITSM tests from available sites
ITSM tests (on recovered cores) were available for all the sites considered in this research. However, only the ITSM tests performed on motorway M01 were analysed as the number of ITSM tests on the other sites was too low for confident interpretation.
From plotting all the available ITSM tests on the M01 site, see Figure 7 , it can be seen that:  A lognormal probability distribution is found representative of the asphalt layer stiffness modulus.  The coefficient of variation appears, on average, to range from 20 to 40%, which is in line with the results found by Noureldin et al. (1994) and Timm et al. (2000) , see Table 1 . 
Statistical characterisation of subgrade stiffness variability
Subgrade stiffness is another key input parameter to analytical pavement design. The scope of the design, for example in terms deformation life, is to ensure that there is only limited deformation on the subgrade at the end of the design life due to stresses induced by traffic loads to the subgrade (through the road pavement). Subgrade stiffness affects not only the level of stresses in the subgrade but also the levels of stresses generated in all the overlying pavement layers.
To characterise the spatial variability of the subgrade stiffness for the available UK sites, FWD deflections and back-analysed layer stiffnesses were used. In order to isolate the 'true' subgrade variability from other sources of variability (i.e., variations in layer thickness), a 'cusum' analysis was applied to the FWD central deflection (d1), to the asphalt layer thickness and to the subbase layer thickness (from GPR surveys). Whenever the slope of the cusum plots for either the d1 deflections or the asphalt layer thickness or the subbase layer thickness changed, a new homogeneous section was considered to begin.
As a result, a high number of homogenous sections were derived from the cusum analysis. Only sections with at least 8-10 points were considered, i.e. approximately 200m minimum length. Once the homogeneous sections were identified for each site, a back-analysis was carried out with the asphalt and subbase layer thicknesses derived from the GPR data. For those sections where no GPR subbase thickness was available (i.e. sites M07 and M08), a 300mm layer thickness was used, which is typically expected for a subgrade CBR of 3%.
The back-analysis was carried out with the pavement modelled firstly as a 3-layer structure (i.e., asphalt layer on top of subbase layer and subgrade) and secondly as a 2-layer structure (i.e., asphalt as the top layer and the sub-base combined with the subgrade to form the second layer).
Based on the cusum analysis on the available sites it was observed that:  The coefficient of variation of the back-analysed subgrade stiffness modulus for all sites varied from a minimum of 8% to a maximum of 129%, with an average value of 56%. The high uncertainty in the data is probably due to the small sample size derived from the cusum analysis.  A lognormal probability distribution was found in most cases to be representative of the subgrade stiffness.
Sensitivity analysis
A sensitivity analysis was carried out at this point on each homogeneous section to assess which parameter(s) have the greater influence on the pavement life. While the focus was on the effect of subgrade stiffness modulus variability on pavement life, variations in asphalt and subbase layer thicknesses and moduli were employed to get a comparative view of the importance of the subgrade.
The basic model was a three-layer pavement structure (asphalt layer with thickness Ta and stiffness Ea, overlying a subbase layer with thickness Tsb and stiffness Esb on top of subgrade with stiffness Esg). The analysis consisted in calculating with BISAR, for each homogeneous section, the asphalt and subgrade strains for each of the following cases:  Base case where all parameters (Ea, Ta, Esb, Tsb, and Esg) are constant, i.e. with their mean values ();  The 15th percentile of the parameter of interest is considered, taken from real data, while others are constant.  The 85th percentile of the parameter of interest is considered, taken from real data, while others are constant.
The fatigue and deformation lives were then estimated from the calculated asphalt and subgrade strains using equations (1) and (2). It is noted that, for a normal probability distribution, the 15th percentile is approximately equal to the mean minus one standard deviation. Similarly, the 85th percentile is approximately equal to the mean plus one standard deviation. As the lognormal distribution is a probability distribution whose logarithm has a normal distribution, the 15th and 85th percentiles can be calculated as above but by using instead the mean and standard deviation of the logarithms.
While percentiles from real data were used for Ta, Esb, Tsb, and Esg, for Ea a different procedure was employed. Corrections were made to each section's backanalysed stiffness value to account for the section's asphalt layer thickness variability (see Collop 2000) . For the asphalt stiffness values, the 15th and 85th percentiles were calculated from the mean and standard deviation of the logarithms with the following procedure:  Once the section's back-analysed asphalt stiffness mean and standard deviation were calculated, Collop (2000) was used to predict the FWD stiffness modulus mean error and the FWD stiffness modulus standard deviation error. The errors are termed mean and sd here for simplicity. The true section's asphalt stiffness mean and standard deviation were then calculated (i.e and ).  The mean of the logarithms of the individual (and corrected for asphalt thickness variability) asphalt stiffness values was calculated, which is , averaged over n number of data points, and where is the individual (uncorrected) asphalt stiffness value.  The standard deviation of the logarithms of the individual asphalt stiffness values was calculated (and corrected for asphalt thickness variability), which is .  The 15 th percentile was calculated as and the 85 th percentile was calculated as .
The ratio of the calculated fatigue (Nf) and deformation life (Nd) over the corresponding base case was calculated for each scenario. The results of the analysis are shown in Figure 8 and Figure 9 . The following observations can be made from the graphs above (i.e., by looking at the spread of the life ratio over the base scenario resulting from the 15 th and 85 th percentiles of the selected pavement input parameters):  The parameters with the greatest influence on the variability of predicted fatigue performance are the asphalt stiffness modulus (Ea) and thickness (Ta).  Fatigue life is affected by changes in the asphalt surface layer thickness (Ta) while it is unaffected by changes in the granular subbase layer thickness (Tsb).  The parameters with the greatest influence on the variability of predicted deformation (rutting) performance are the granular subbase thickness (Tsb), the asphalt thickness (Ta), and the stiffness of the subgrade (Esg).  The observations above do not include any variation in traffic.  The stiffness of the subbase (Esb) also appears to influence the variability of predicted deformation (rutting) performance. However, it is noted that the section's average backcalculated subbase stiffness is in most cases low (less than 150MPa) and lower than the backcalculated subgrade modulus. For a typical flexible pavement with a well performing foundation, it is expected that the subbase stiffness is at least 150MPa and/or about 2 to 3 times the subgrade stiffness. In the very few cases where this condition is satisfied, the subbase stiffness has little influence on the variability of predicted deformation (rutting) performance.  In connection with the previous observation, it is noted that the goodness of fit has been monitored but not included in the analysis.  The probability distribution that best fits both fatigue and deformation lives is lognormal.
Combining the effects of all five parameters, the maximum range of 15 th and 85 th percentiles (as percentages of the mean) was found to be 64% to 558% for the fatigue life and 94% to 808% for the deformation life, see Table 2 . 
CONCLUSIONS
The research has confirmed that variability of the main pavement design input variables (asphalt modulus and thickness, subgrade modulus) -but excluding the variability of the traffic loading -affect the pavement performance. Variations of input design parameters have been discussed and quantified, as well as resulting variations of pavement performance (in terms of fatigue and deformation life). Variability has been described by statistical terms such as mean and standard deviation and by its probability density distribution. mean) was found to be 64% to 558% for the fatigue life and 94% to 808% for the deformation life.
Other important conclusions of the research study are:
Layer thickness variability  The probability distribution for the layer thickness for the UK sites can be considered normal and the coefficient of variation is broadly similar to those reported in the American literature (e.g., average 10% COV for the asphalt layer and 15% COV for the subbase layer).  The asphalt and the sub-base layer thicknesses can be considered uncorrelated.
Asphalt stiffness modulus variability  In order for the FWD back-analysis to give reliable estimates of the in-situ asphalt stiffness modulus, it is essential to use accurate pavement layer thickness information.  The average error due to random measurement deflection error was less than 1% on back-analysed asphalt stiffness and close to 0% on back-analysed subgrade stiffness.  With both the effect of random error in the deflection measurement and the effect of variation of layer thickness included in the analysis, a relationship was proposed to calculate the adjusted standard deviation.  Based on the plots of ITSM tests on the M01 site, the coefficient of variation of the asphalt layer stiffness modulus appeared, on average, to range from 20% to 40%.  A lognormal probability distribution was found representative of the asphalt layer stiffness modulus.
Subgrade stiffness modulus variability  Based on a 'cusum' analysis on the available sites, the coefficient of variation of the back-analysed subgrade stiffness modulus for all sites varied from a minimum of 8% to a maximum of 129%, with an average value of 56%. The high uncertainty in the data is probably due to the small sample size derived from the cusum analysis.  A lognormal probability distribution was found in most cases to be representative of the subgrade stiffness.
FURTHER WORK
The authors recommend extending the study to see if current UK pavement design methods (HD25/IAN73 and HD 26) are adequate given the observed variability of the different parameters and the effect of this on predicted design life.
To complete the research other important design properties should be considered such as traffic, asphalt bitumen content and compaction (i.e., air voids percent) to name the most critical ones. The research could also be extended to hydraulically bound layers, i.e. flexible composite pavements, and possibly to surface damage (fretting, potholes) as predictive methods become available.
